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Abstract
The effects of climate change on marine ecosystems and in particular on marine
top predators are difﬁcult to assess due to, among other things, spatial variability,
and lack of clear delineation of marine habitats. The banks of West Greenland are
located in a climate sensitive area and are likely to elicit pronounced responses to
oceanographic changes in the North Atlantic. The recent increase in sea tempera-
tures on the banks of West Greenland has had cascading effects on sea ice coverage,
residency of top predators, and abundance of important prey species like Atlantic
cod (Gadus morhua). Here, we report on the response of one of the top predators
in West Greenland; the harbour porpoise (Phocoena phocoena). The porpoises de-
pend on locating high densities of prey species with high nutritive value and they
have apparently responded to the general warming on the banks of West Greenland
by longer residence times, increased consumption of Atlantic cod resulting in im-
proved body condition in the form of larger fat deposits in blubber, compared to
the situation during a cold period in the 1990s. This is one of the few examples of a
measurable effect of climate change on a marine mammal population.
Introduction
The latitudinal gradient along the west coast of Greenland,
spanning from 60◦Nt o> 80◦N, encompasses the southern
tip of Greenland located in the dynamic ocean conditions
of the North Atlantic and the northern parts of Greenland
located in the more stable high Arctic climate system. Sea
temperatures along West Greenland are inﬂuenced by large-
scale physical processes in the North Atlantic (Myers et al.
2009). The warm, saline Irminger Current, a subsidiary of
the North Atlantic Current, meets the south-ﬂowing, low-
salinity, cold current of polar origin in the Denmark Strait
in East Greenland (Storr–Paulsen et al. 2004; Myers et al.
2007). Both currents ﬂow southward round Cape Farewell
and northward along West Greenland, where intense mix-
i n go c c u r so nt h ep r o d u c t i v eb a n k so fW e s tG r e e n l a n d .T h e
strengthofthetwocurrentsdeterminesthehydrologicalcon-
ditions on the banks, and small changes in the circulation in
the North Atlantic have a major impact on the sea temper-
atures of West Greenland. The presence of warm water in
West Greenland plays a crucial role by stimulating produc-
tion, bringing ﬁsh larvae (e.g., Atlantic cod [Gadus morhua]
andcapelin[Mallotusvillosus])fromspawningareasbetween
East Greenland and Iceland to the banks of West Greenland
(Storr–Paulsen et al. 2004; Pedersen et al. 2005). These in
turn attract top predators, determine sea ice coverage, and
drive the trophic cascade of the marine ecosystem. Since the
late 1990s, temperatures of the surface water on the banks of
WestGreenlandhave,onaverage,beenabovelevelsmeasured
since the early 1950s (Myers et al. 2009). An extension of the
surfacewatertemperature–timeseriesbackto1876conﬁrms
that recent surface water temperatures have been similar or
abovelevelsduringtheperiodfromthemid-1920stothelate
1960s (Ribergaard 2011).
The life histories, behaviors, and feeding patterns of ma-
rine mammals are tuned to environmental conditions and
associated changes in marine production. One approach for
gaining insight into the effects of climate change on marine
mammalsistocombinelong-termmonitoringdataonpopu-
lation metrics, life history, physiology, or behavior with time
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series on environmental conditions. The harbour porpoise
is a marine endotherm with a high ratio of body surface to
bodyvolume.Tomaintaintheirhighmetabolicrate,harbour
porpoises depend on locating abundant prey resources at
predictable intervals. They are found seasonally where large
schools of ﬁsh of good nutritive value can be predictably
located. Harbour porpoises are generally assumed to occur
mainly in shallow coastal waters but they have also recently
beenfoundindeepwatersfarfromland(GreenlandInstitute
of Natural Resources unpublished data). In West Greenland,
harbour porpoises are hunted for subsistence and the har-
vest has been increasing since the mid-1990s with a recent
average level of 3,500 porpoises per year (www.nanoq.gl).
The availability of large numbers of harvested porpoises for
examination provides a unique opportunity to obtain in-
formation on body condition and in turn gain insight into
marine ecosystem processes.
Materials and Methods
Treatment of samples
Intact carcasses of fresh harbour porpoises landed in
September–October 1995 and 2009 at three towns in West
Greenland(Fig.1)werepurchasedfromlocalhunters(Lock-
yer et al. 2001, 2003). The porpoises were frozen whole at
Figure 1. Map of south Greenland showing sampling sites mentioned
in the text.
Figure 2. Diagram of selected measurements and sampling sites on har-
bour porpoises. MC is the maximum circumference, D3–D4 are ventral
blubber thicknesses. The length measurement indicated was taken in a
direct straight line.
the harbour and transported to the laboratory where dissec-
tions were conducted. Body length (L) was measured in a
straight line parallel to the carcass from the tip of the lower
jaw to the notch in the tail ﬂukes to the nearest 1 cm. Body
mass (M) and mass of blubber and skin were measured to
the nearest 10 g. Other measures included maximum cir-
cumference (MC) and blubber thickness (d) at three dorsal
positions on the porpoises all measured to the nearest 1 cm
(Fig. 2). In order to assess the body condition of the har-
bour porpoises, two standard condition indices were calcu-
lated: C =
√
L × M × d referred to as the LMD index (Ryg
et al. 1990) and C = MC/L (Gales and Renouf 1994) re-
ferredtoastheMC/Lindex.Differencesbetweenmeanswere
tested with student t-test and signiﬁcance was assessed at the
5% level.
The stomach content was washed through 0.5-mm sieves
and food items were identiﬁed to species or the lowest
possible taxon based on sagittal otoliths, skeletal remains,
eye lenses, and squid beaks (H¨ ark¨ onen 1986; Campana
2004). The difference in feeding habits between the sam-
ples in 1995 and 2009 was tested with a diversity index:
D =
k
(i=1) ≡ pi × ln (pi) where k is the number of prey
items and p the proportion of observations. Standard error
was estimated from a Jackknifed variance estimator. Teeth
were removed for age determination following methods pre-
viously described (Lockyer et al. 2003). Growth layer groups
inbothdentineandcementumwereexaminedbytworeaders
and the average was used.
Sea ice coverage
Sea ice concentration data from satellite passive microwave
sensors were obtained from the National Snow and Ice Data
Center in Boulder, CO (Cavalieri et al. 1996). The sea ice
area in West Greenland was computed as the average over
the month of March in the region bounded by 65–70◦Na n d
50–58◦W.
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Table 1. Comparison of body condition for harbour porpoises sampled in 1995 (Lockyer et al. 2003) and 2009 in West Greenland (SE in parenthesis).
Not all samples were available for all statistics. Data on body condition (see Fig. 1) were truncated to 130 cm ≤ body length ≤ 155 cm for females and
125 cm ≤ body length ≤ 140 cm for males. The LMD condition index is C =
√
L × M × d and the MC/L index is C = MC/L.∗ indicate a signiﬁcant
difference at p < 0.05, ∗∗ indicate p < 0.01, and ∗∗∗p < 0.001 between years.
Females 1995 Females 2009 Males 1995 Males 2009
n = 55 n = 60 n = 48 n = 29
Mean age > 0 years 3.6∗ (0.4) 4.9∗ (0.3) 5.1( 0 .6) 5.3( 0 .6)
Mean length > 0 years (L) 138.1( 2 .2) 140.0( 1 .5) 133.2( 1 .4) 132.0( 1 .5)
Mean body mass (M)4 8 .8∗∗∗ (1.3) 56.9∗∗∗ (1.1) 40.9∗ (1.0) 45.2∗ (1.6)
Mean age at sexual maturity 3.71 (0.03) 3.51 (0.03) 2.72 (0.03) 3.12 (0.08)
Blubber mass 8.6∗∗∗ (0.17) 10.6∗∗∗ (0.28) 7.6∗ (0.11) 8.5∗ (0.45)
LMD condition index D2 1785 (67)∗∗ 1696 (46)∗∗ 1696 (46) 1667 (95)
LMD condition index D3 1951 (76)∗ 2207 (67)∗ 1762 (48) 1817 (119)
LMD condition index D4 1967 (74)∗∗ 2249 (69)∗∗ 1740 (51) 1768 (94)
MC/L condition index 0.66 (0.005)∗∗∗ 0.71 (0.004)∗∗∗ 0.68 (0.006)∗ 0.70∗ (0.008)
1based on presence of corpora lutea and c. albicantia in the ovaries;
2based on combined testes weight > 200g.
Sea surface temperature
Sea temperatures at depths of between 0 and 40 m taken
at a standard station (Fyllas Bank 2: 63◦58 N5 2 ◦44 W) of
the coast of West Greenland each June/July were updated
for the years 1950–2010 (Ribergaard 2011). The temperature
measurements, corrected for annual variation in order to get
the mid-June temperature, were used as a time series in the
analysis.
Cod biomass and porpoise catches
Statistics on the spawning stock biomass of Atlantic cod (G.
morhua) from 1990 to 2009 were obtained from the Interna-
tional Council for the Exploration of the Sea’s Northwestern
Working Group Report 2010 (Available from www.ices.dk)
and statistics on the monthly catches of harbour porpoises
from 1993 to 2006 were obtained from the Greenland Home
Rule (www.nanoq.gl).
Results
WesampledthecatchesofharbourporpoisesinWestGreen-
land in the fall of 1995 (Lockyer et al. 2001, 2003) and 2009.
Thefemaleporpoisessampledin2009weresigniﬁcantlyolder
than those sampled in 1995 but no difference could be de-
tected for the males. The mean length of those ≥1-year old
wassimilarforthetwosamples(Table1).Forthecomparison
ofbodycondition,thedataweretruncatedtothelengthinter-
valsthatwerewellrepresentedinbothsexes,thatis,130cm≤
body length ≤ 155 cm for femalesand 125 cm≤ body length
≤ 140 cm for males (see Fig. 3). The average body mass for
both males and females was signiﬁcantly larger in 2009, and
the blubber mass contributed signiﬁcantly to the difference
(Table 1). The body mass at a given length was larger in 2009
for both sexes (Fig. 3); for a 150-cm female, the difference is
about10kgor20%.Comparisonoftherelationshipbetween
body massand bodylengthshowedasigniﬁcantly(p = 0.02)
faster increase in body mass for females but the relation is
not signiﬁcantly different for males (Fig. 3, covariance anal-
ysis of ln [M]o nL). The LMD body condition index, which
included dorsal blubber thickness, showed signiﬁcant differ-
ences between the two sampling years for females but not for
males.TheMC/Lindex,whichusedthecircumferenceofthe
porpoiseswassigniﬁcantlydifferentforbothsexesforthetwo
sets of samples. Despite the larger body mass-at-length and
improved body condition, no signiﬁcant difference in age at
sexual maturity could be detected.
Elevenmajorpreyitemsweredetectedintheharbourpor-
poisestomachsin1995andthiswasincreasedto23preyitems
in 2009 (Table 2). The increase in diversity of the feeding
habits between the two samples is signiﬁcant (p < 0.05). Of
particular note is that Atlantic cod (G. morhua) and Green-
land cod (G. ogaq) were new prey items that contributed
substantially to the diet in 2009. Atlantic cod was detected
in 31% and Greenland cod in 19% of the stomachs and the
two species were also included in the 59% of the stomachs
with unspeciﬁc Gadidae. The number of G.morhua otoliths
in the stomachs ranged between 1 and 49 with an average
of 9. Based on the length of the otoliths, the mean length of
the ingested Atlantic cod was estimated as 26 cm (SD = 7.3;
H¨ ark¨ onen 1986).
The sea surface temperature on the banks of West Green-
land increased signiﬁcantly (p = 0.004) during 1980–2010
with an overall mean of 1.90◦C( S D= 0.80) and peak val-
ues of 3.23◦C and 3.78◦C in 2004 and 2005 (Fig. 4). Sim-
ilarly, winter sea ice coverage declined signiﬁcantly during
1980–2010 with a simultaneous increase (p < 0.001) in
the annual percentage of the harbour porpoise catch made
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Figure 3. Body mass in relation to body
length of female (a) and male (b) harbour
porpoises sampled in 1995 (solid line) and
2009 (dashed line) in West Greenland. The
data were ﬁtted to an exponential growth
model (y = a
∗
eb∗x).
during winter months. The extended hunting season indi-
cates longer residence time of porpoises in West Greenland
in recent years. Concomitantly, the biomass of the spawning
stockofAtlanticcodincreaseddramaticallyin2008and2009
as part of a longer-term increasing trend (Fig. 4).
Discussion
West Greenland experiences extreme climatic ﬂuctuations
and these ﬂuctuations have cascading effects on marine life.
The most dramatic and economically important effect of the
climatic forcing is the periodic irruption of Atlantic cod on
the West Greenland banks. These so-called invasions of cod,
followed by cold periods where cod are virtually absent from
the banks, have been documented since 1700 (Buch et al.
1994, 2005). In the last century, the rise in sea temperature
after 1920 coincided with an invasion of cod that led to a
dramaticincreaseincodabundanceinWestGreenland,with
an international cod ﬁshery initiated 10 years later. After a
rapid increase in ﬁshing effort in the 1950s, the cod ﬁshery
peaked in the 1960s with catches exceeding 400,000 tons per
year. In 1974, quotas were introduced at a time when the
catches were declining. In 1982, the biomass was about 10%
(SpawningStockBiomassapproximately100,000tons)ofthe
biomass in the 1950s (Buch et al. 1994). Catches and ﬁshing
activity declined in the 1980s but had a brief recovery in
1988–1990 due apparently to a strong 1984-year class. After
1990, the offshore component of Atlantic cod was virtually
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Table 2. Food preferences of harbor porpoises in West Greenland in
1995 (Lockyer et al. 2003) and 2009 (this study). The percentage of
stomachs with each prey item is given. The diversity index was calculated
as D =
k
(i=1) ≡ pi × ln (pi) where k is the number of prey items and
p the proportion of observations. Jackknifed standard error is given in
parenthesis.
2009 1995
Species (n = 88) (n = 77)
Mallotus villosus 78 95
Boregadus saida 53 50
Gadus morhua 31 0
Gadus ogac 19 0
Gadidae 59 0
Lumpenus maculatus 6 0
Sebastes sp. 3 21
Reinhardtius hipploglossoides 3 5
Ammodytidae 2 10
Liparidae 36 7
Lycodes sp. 7 1
Cyclopteridae sp. 1 0
Myctophidae sp. 22 0
Scopelogadus beani 2 0
Salmonidae sp. 2 0
Alepocephalidae sp. 1 0
Cottidae sp. 2 0
Cottuncolidae sp. 9 0
Anarhichas minor 1 0
Squid beaks or eyes 70 25
Pandalus sp. 8 1
Parathemisto libellula 5 13
Thysanoessa sp. and Meganyctiphanes sp. 41 14
Diversity index (SE) 5.4 (0.22) 3.3 (0.16)
absent from the West Greenland banks. Not until 2005 were
theresignsofareturnoftheAtlanticcodandsimultaneously
an increase in sea temperature on the banks. Other great
ﬁsheries of subarctic seas have undergone similarly drastic
changesbuttheyhaveproventobeduelargelytotheeffectsof
overﬁshing(FiksenandSlotte2002).Theriseandfallofcodin
West Greenland, with the cascading food web consequences,
is one of the most pronounced examples of climate forcing
on a marine ecosystem.
West Greenland is used by harbour porpoises for seasonal
feedingtobuildupfatdepositsasenergyreserves.Twofactors
affect their success on this feeding ground. One is the avail-
ability of predictable concentrations of prey of high nutritive
value and the other is the seasonal access to ice-free water.
Our samples of harbour porpoises represent two contrast-
ing climatic conditions in West Greenland. The summer sea
surface temperature has increased dramatically since the late
1990sanditreachedamaximumofmorethan3.5◦Cin2005;
over the same period, the maximum extent of winter sea ice
coverageretreatedconsiderablyandreacheditsnadirin2005,
with coverage only about 30% of that observed from 1980 to
2000 (Fig. 4). The retreat of the sea ice has occurred mainly
alongtheWestGreenlandcoast,leaving,coastalareasicefree
year-round. This is in contrast to the winters between 1979
and 2002 when the >39% sea ice edge consistently reached
thecoastofWestGreenlandat65.4◦N(Heide–Jørgensenetal.
2007).Suchlarge-scalechangesinoceanconditionshavema-
jorcascadingeffectsonthetrophicstructureoftheecosystem
andthisisclearlydemonstratedbyboththeabundanceofcod
and the body condition of harbour porpoises.
Harbour porpoises are not adapted to survive in heavy ice
conditionsandtheyhavedifﬁcultylocatingandcatchingprey
itemsindenseseaice.Thepercentageoftheharbourporpoise
catch that was made during the ice season (January–June)
tripled between the 1990s and 2004–2008 (Fig. 3). The ab-
sence of coastal sea ice in recent years means that harbour
p o r p o i s e sc a nn o wb eh u n t e dy e a r - r o u n di nW e s tG r e e n l a n d
instead of being present only in the ice-free summer season.
It is reasonable to infer that the porpoises are present for
more of the year nowadays because of the new feeding op-
portunities associated with ice-free conditions. The greater
access for temperate species like the harbour porpoise to the
WestGreenlandfeedingsbanksduringwinterisfurthermore
observedbytherecoveryofAtlanticcodstocksinWestGreen-
landandperhapsalsobytheinﬂuxofseveraladditionaltem-
perate ﬁsh and krill species that are becoming increasingly
importantinthedietofharbourporpoisesinthisregion.The
diet of the harbour porpoises examined in 2009 was much
more diverse than the diet of the sample collected in the
same area and at the same time of the year in 1995 (Lockyer
et al. 2003). The biggest contributor to the diet in 1995 was
capelin(M.villosus)andcapelinwerestillpresentinthe2009
stomachs but the stomachs in 2009 contained twice as many
differentpreyspecies,andAtlanticandGreenlandcod,which
were absent in 1995, constituted a major part of the diet. It
is infeasibleto conduct a full assessment of the diet composi-
tion from partly digested material collected from stomachs.
Someofthedetectedremainsmaybeofsecondaryoriginand
some species are digested at a faster rate than others (Pierce
and Boyle 1991). Nevertheless, cod were the largest of the
detected prey items and there is no doubt that the two cod
species contributed a major part of the energy intake of the
porpoises in 2009.
The longer residence time combined with increased con-
sumptionofAtlanticcodhasmostlikelyresultedinimproved
body condition of the porpoises. It is expected that density-
dependent regulation would decrease the mean age at sexual
maturity when body conditions improve, however, such a
change could not be observed. One likely explanation is that
the porpoise population, which inhabits West Greenland is
already reaching maturity at the earliest possible stage as an
age of sexual maturity of about 3 years is the youngest re-
portedforseveralstocks(Lockyer2003).Thelengthatsexual
maturity is also smaller than in other areas and it is likely
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Figure 4. Variations in mid-winter sea ice
coverage (a, left axis) along West Greenland
with the proportion of annual harbour
porpoise catches taken during January–June
(a, right axis), sea surface temperature (b) off
West Greenland on top of Fylla Bank (0–40
m at Station 2) [5], and estimates of the
spawning stock biomass of Atlantic cod off
West Greenland from 1982 to 2009 (c). The
stars mark the years 1995 and 2009 of the
porpoise surveys.
that the maturation process cannot be further enhanced by
increased per capita food intake.
TheecosysteminWestGreenlandisrelativelysimple,with
fewkeyspeciesdrivingthetop-levelpredatorsanditisthere-
fore not surprising that this area provides some of the ﬁrst
robust evidence of the effects of climate change on the body
condition of a marine top predator. The longer feeding sea-
son together with the increased cod abundance is the most
likely explanation for the pronounced improvement of the
bodyconditionofharbourporpoisesbetween1995and2009.
Other species of cetaceans are also increasing in abundance
in West Greenland (Heide–Jørgensen et al. 2007, in press) or
show signs of being affected by the warmer sea temperature
there(Laidreetal.2009),anditcanbeexpectedthatwarming
in West Greenland will attract other predator species that are
not specialized to endure or exploit Arctic conditions.
TheoffshoreareasalongWestGreenlandprovideaunique
latitudinalgradientthatspansbothsubarcticandhighArctic
marine environments. Due to the complex water currents in
theNorthwestAtlanticandaroundthesoutherntipofGreen-
land, the banks of West Greenland remain highly suscepti-
ble to climatic perturbations and changes in occurrence and
phenology of several marine predators including cod, seals,
and whales due to climate alterations can easily be detected
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in West Greenland. Harbour porpoises rely on a continuous
supplyofpreyatpredictableconcentrationsandWestGreen-
landoffersanecosystemwithfewkeypreyitemsforporpoises
and where the occurrence of one important prey item (the
Atlanticcod)islargelydrivenbyclimateforcing(Drinkwater
etal.2010).Atthesametime,reducedseaiceconditionsallow
for extended residence times at the Greenland banks where
theporpoisescanpreyintensivelyontheabundantresources
of cod. Due mainly to spatial variability and lack of clear de-
lineation of marine habitats, it is usually hard to detect such
direct links between climate forcing and the body conditions
of a top predator. It is therefore concluded that monitoring
ofpredatorconditionisausefulapproachforgaininginsight
into ecosystem changes that are otherwise hard to discern in
marine habitats.
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